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tlu’oretical  model  included  consideration  of  fifteen  different  reactions 
between  helium  atoms  and  ions  and  electrons  and  calculated  the  particle 
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beam  current  of  10  where  the  gun  will  be  useful  to  pump  excimer 

lasers.  A qualitative  understanding  was  obtained  of  the  transient 
behavior  of  both  the  e-gun^'a^d  of  the  scaling  properties  of  the  thin-wire 
discharges.  \ 
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SECTION  1 


INTRODUCTION 

Proof  of  the  concept  of  the  ion-plasma  electron  gun  was  accomplished 

in  1976  on  ARPA/ONR  contract  N00014-72-C-0496.  The  results  sliowed  that 

this  e-gun  could  be  used  for  pumping  repetitively  pulsed  e-beam-sustained 

excimer  laers,  where  it  would  have  compelling  advantages  over  both  cold- 

cathode  field-emission  and  thermionic  e-guns.  The  objective  of  the 

present  program  was  to  develop  a theoretical  model  for  the  ion-plasna 

c— gun  that  would  predict  the  operating  cha^'acteristics  of  the  gun  r,i 

beam  voltages  useful  for  pumping  excimer  lasers.  Such  a model  was 

developed.  Experiments  run  to  corroborate  it  showed  that  the  'soo>. : 

accurately  describes  the  operation  of  the  e-gun  at  lower  beam  voltagtrS 

(up  to  150  keV)  and  that  operation  of  the  g>-n  at  a beam  voltage  of 

? 

400  kV  with  a current  density  of  10  A/cm”  nay  be  realistically  expected. 

Although  improved  results  nave  recently  been  reported,  the  develop- 
ment of  an  efficient,  hij;h-3verage-?ower,  rare-gas  nonohalide  excimer 
laser  system  has  not  yet  been  fully  realised.  E-beam-controlled  dis- 
charge is  s pronising  scheme  for  obtaining  the  desired  goals 

for  this  kird  of  laser,  especially  since  l-'psec  laser  pulses”  have 
recently  bos-r-  attained  and  since  it  appears  that  even  longer  pulse 

lengths  sh.oni'i  be  possible  at  a higher  efficiency.  Previous  studies 

2 

showed  that  an  e-heam  of  approxL'^at ely  400  keV  and  10  A/cm”  is  required 

to  pump  the  laser  system.  The  development  of  an  e-gun  to  meet  these 

requirements  is  necessary  to  the  usefulness  of  these  lasers,  especially 

with  the  added  need  for  repetitively  pulsed  operation.  The  ion  plasma 

e-gun,  which  we  describe,  has  important  advantages  for  pumping  this  kind 

of  laser  and  has  the  potential  of  attaining  the  required  400  keV, 

2 

10  A/cm”  beam  parameters.  The  advantages  are 

• Monoenergetic  Beam:  The  large  accelerating  voltage 
for  the  gun  is  dc  and  is  not  switched.  This  means 
there  are  no  low-energy  electrons  in  the  beam  from 
the  turn-on  or  turn-off  of  the  accelerating  voltage. 

The  energy  spread  of  the  beam,  caused  by  atomic 
rc«-iTian i sms  nr  the  «-athode  su.rfnce,  is  expi-ct«-d  t<i 


i. 
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be  <40  eV.  ’ At  a beam  voltage  of  400  keV,  chis 
represents  an  energy  spread  of  ^.01%.  Because 
Che  output  beam  is  nearly  monoenergetic,  foil  heat- 
ing will  be  less  and  energy  will  be  deposited  more 
uniformly  in  Che  laser  mixture.  This  latter 
characteristic  will  mean  that  larger  sustainer 
fields,  and  hence  larger  sustainer  enhancement, 
will  be  possible.  Kith  cold-cathode  field- 
emission  guns,  the  nonuniform  deposition  of 
energy  in  the  laser  mixture  (caused  by  low-energy 
electrons  in  the  beam)  has  seriously  limited  the 
amount  of  sustainer  energy  that  can  be  deposited 
before  instability  driven  arcs  (caused  by  the  non- 
uniform  secondary  electron  background)  curtail 
laser  operation, 

• Long  Pulse  Length:  Because  there  is  no  plasma 
closure  effect,  the  gun  can  operate  with  longer 
pulse  widths  than  cold-cathode  field-emission  guns 
and  without  losing  current  density  at  the  longer 
pulse  lengths.  The  gun  has  also  operated  cw.  The 
attainmeiit  of  longer  pulse  lengths  means  that  a 
larger  average  laser  power  output  may  be  obtained 
for  a given  repetition  frequency. 

• Gun  Control  with  Electronics  at  Ground  Potential: 

The  gun  is  controlled  by  a thin-wire  plasma  dis- 
charge that  is  run  1 kV  above  the  ground  electrode 
(anode)  voltage  of  the  gun.  ihis  simplifies  the 
system  requirements  for  repetitively  pulsed  opera- 
tion because  only  low-voltage  switching  is  required 
(in  contrast  to  cold-cathode  guns)  and  no  power 
supplies  need  be  floated  at  high  voltage  (as  with  a 
thermionic  gun). 

• Scalable:  The  gun  may  be  scaled  simply  to  pump 

practical  sized  laser?. 

Section  2 describes  the  operation  of  the  ion  plasma  e-gun 
and  presents  the  experimental  results  obtained.  In  Section  3,  the 
theoretical  model  of  the  gun  is  explained  and  the  projected  operation 
of  the  e-gun  at  high  voltages  is  given.  Section  4 summarizes  the  results 
and  conclusions  of  the  program. 


SECTION  2 


OPERATING  CHARACTERISTICS  OF  THE  ION  PLASMA  ELECTRON  GIN 

A.  BASIC  CONCEPT 

A schematic  of  the  ion  plasma  e-gun  is  shouTi  in  Figure  i.  A low- 
voltage  plasma  is  struck  near  the  anode  that  acts  as  a source  of  ions. 

The  plasma  may  be  obtained  by  sevc-ral  means,  including  a thermionic- 
ili.Hle  «l : seliarge,  ^ a li<ii  I <iw-c-athode  discharge,  or  a ihin-wire  discharge. 

A i iMcl  ion  ol  (ill-  ions  produci-d  in  llie  disiiiargc  are  acceler.'it  ed  lo  tin- 
cathode  (negalivi-  liigli  voltage  of  .'is  miicli  .is  400  kV),  where  t iiev  collidi- 
witli  tlie  electrode  surface  and  produce  secondary  electrons.  These  elec- 
trons are  then  accelerated  back  toward  the  anode,  experiencing  few  colli- 
sions as  they  pass  through  the  lovf-pressure  gas  (the  mean  free  path  for 
100  kV  electrons  in  20  mTorr  of  helium  is  =100  m).^  This  e-beam  then 
passes  through  the  thin  foil  window  and  into  the  laser  chamber  or  :hr 
region  v;here  the  beam  is  to  be  used. 

4176-2m 
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Only  the  thin-wire  discharge  operates  at  a pressure  low  enough  to 
be  compatible  with  high-voltage  operation  and  can  be  used  with  a compact 
design  configuration.  The  thin-wire  discharge,  vjhich  has  been  experi- 
mentally studied  by  McClure,^  can  operate  at  low  pressure  because  the 
thin  wire  permits  highly  efficient  electrostatic  trapping  of  electrons 
111  sustain  the  discharge.  In  this  discharge,  electrons  are  trapped  in 
thi  electric  field  near  the  thin  wire  (at  a positive  voltage  of  =400  V) 
and  form  helical  orbits  around  the  wire.  These  orbits  allow  the  elec- 
trons to  attain  long  path  lengths  so  that  ionization  of  helium  atoms  can 
occur  (ionization  mean  free  path  in  10  mTorr  of  helium  for  400  eV  elec- 
trons is  70  cm).^  This  mechanism  results  in  a limited  sustaining  gener- 
ation of  electrons.  In  the  present  experiments,  this  thin-wire  discharge 
has  been  operated  with  pressures  as  low  as  2 mTorr  in  helium. 

An  array  of  thin  wires  (each  wire  separately  driven)  in  the  ion- 
plasma  e-gun  can  be  distributed  across  the  beam  aperture  and  in  the  dis- 
charge region.  Since  the  depth  of  the  discharge  region  may  be  as  small 
as  1 cm,  it  will  not  add  much  to  the  size  of  the  gun.  A hollow-cathode 
discharge  is  also  an  efficient  ion  source,  but,  for  operation  at  pres- 
sures <10  mTorr,  the  ratio  of  hollow-cathode  surface  area  to  extraction 
area  must  be  increased  significantly  to  obtain  meaningful  currents.  A 
larger  area  ratio  will  increase  gun  size.  Using  a thermionic  cathode 
discharge  as  an  ion  source  allows  low-pressuie  operation,  but  again  size 
must  be  significantly  increased  to  accommodate  the  cathode  heaters. 


B.  EXPERIMENTAL  RESULTS 

Experiments  were  run  to  determine  the  output  current  density  of  the 
gun  as  a function  of  beam  voltage,  gas  pressure,  and  thin-wire  anode  cur- 
rent. The  data  from  these  experiments  was  similar  to  and  augmented  that 

g 

obtained  previously.  In  addition,  experiments  to  characterize  the  thin- 
wire  discharge  mechanisms  were  performed  in  a chamber  with  three-thin- 
wire  discharges.  Spatially  resolved  measurements  of  the  ion  production 
by  the  thin-wire  discharges  were  also  made. 

Till'  tests  to  measure  the  output  current  were  run  on  n gun  with  .i 
4 cm  X 40  cm  rectangular  e-beam  aperture.  The  high-voltage  acceler.-- 
I ion  region  is  defined  by  a flat  stainless-steel  cathode  surface 
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separated  by  4 cm  from  the  ion  extraction  grid.  This  grid,  which  is 
made  of  fine  stainless-steel  wire  mesh,  has  approximately  80%  transmis- 
sion with  a wire  size  of  0.03  mm  and  a square  mesh  size  of  0.6  mm.  The 
dimensions  of  the  plasma-generation  chamber  are  4 cm  x 4 cm  x 40  cm.  In 
this  chamber,  17  tungsten  wires  each  0.3  mm  in  diameter  are  placed  2.1  cm 
apart  and  run  in  the  transverse  direction  (4  cm)  in  the  midplane  of  the 
discharge  chamber.  A photograph  and  a schematic  of  this  scheme  are  shown 
in  Figure  2.  The  0.025-mm-thick  (0.001  in.)  aluminum  foil  window  is 
placed  on  a ribbed  aluminum  support  structure  with  80%  transmission.  Fur 
some  tests,  solid  stainless-steel  plate  was  used  in  place  of  the  foil  and 
support  combination. 

The  high-voltage  source  for  the  gun  consisted  of  a dc  high-voltage 
power  supply  and  an  energy  storage  circuit.  The  energy-storate  circuit, 
which  has  an  effective  capacitance  of  0.2  uf,  has  a series  isolation 
resistor  (located  between  the  circuit  and  the  gun)  with  a resistance  that 
was  varied  betw’een  1 and  10  fl.  The  ratings  of  the  components  for  the 
circuit  elements  were  picked  to  allow  a beam  voltage  as  high  as  200  kV. 
Because,  in  operation,  these  circuit  elements  regularly  failed  at  volt- 
ages above  140  kV,  data  was  taken  primarily  at  beam  voltages  of  110  to 
120  kV.  The  gun  current  was  controlled  with  the  thin-wiie  discharges. 
Each  of  the  17  wires  was  driven  by  its  own  0.01-uF  capacitor  charged  to 
a voltage  between  0.8  and  1.4  kV,  and  with  a series  ballast  resistance  of 
47  n per  wire.  A single  thyratron  (tvpe  5C22)  was  used  to  switch  the 
voltage  across  all  the  wires.  The  ratio  of  total  current  switched  to  the 
current  in  one  single  w’ire  indicated  that  each  wire  carried  approximately 
the  same  current. 

The  total  cathode  current,  which  includes  both  the  incident  ion  cur- 
rent and  the  secondary  emission  electron  current,  was  measured  with  a 
Pearson  model  110  current  transformer  placed  around  the  wire  leading  to 

the  cathode.  .At  a given  gas  pressure,  the  total  cathode  current  drawm 

3 -'2 

(for  a given  thin-wire  current)  varied  approximately  as  V suggesting 
a Child's  law  type  of  behavior.  As  pressure  increased,  anode  current, 
cathode  current,  and  the  ratio  of  cathode  current  to  anode  current  all 
increased.  The  theoretical  model  (discussed  in  Section  3)  predicts  fiinc- 
l ional  relationships  of  this  type. 


At  a beam  voltage  of  110  kV,  the  cathode  current  and  the  cathode 
current  flux  (total  cathode  current  divided  by  cathode  area)  are  shown 
plotted  as  a function  of  total  anode  current  in  Figure  3.  Data  from 
earlier  experiments  with  a different  thin  wire  configuration  and  at 

g 

longer  pulse  widths  is  included.  The  plot  shows  that  a nearly  linear 

relationship  holds  for  over  four  decades  of  variation  in  cathode  current 

and  anode  current  including  both  long-pulse  (150  msec)  and  short-pulse 

(5  usee)  operation.  The  higher  current  values  actually  fall  beyond  a 

knee  in  the  curve  because  there  is  a space-charge  constraint  on  the 

maximum  ion  current  that  can  be  extracted  from  the  plasma-generation 

region.  This  is  discussed  below.  The  theoretical  model  combined  w-ith 

this  data  shows  that,  even  with  the  5-usec  FVfHM  current  pulse,  the  gun 

operates  cv  insofar  as  the  plasma  phenomena  are  concerned.  The  maxi- 

2 

mum  pulsed  cathode  current  flux  obtained  was  2 .A/cra  (320  A total)  at  a 
total  anode  wire  current  of  300  .A.  Figure  4 shows  an  oscillogram  of 
the  current  waveforms  for  the  total  anode  wire  current  and  the  total 
cathode  current.  Although  the  anode  current  pulse  is  only  2 usee  FUHM, 
the  cathode  current  pulse  is  longer  (5  user  FWHM)  because  the  fall  lime 
is  long.  The  long  fall  time,  which  has  been  observed  with  other  guns 
of  this  kind,^  is  due  to  the  transit  time  for  ions  to  escape  from  the 
plasma  discharge  region  once  the  thin-wire  voltage  has  dropped  to  zero. 
(This  is  discussed  further  in  Section  3). 

Thin-wire  discharge  studies  were  performed  with  a discharge  test 
chamber  that  has  three  wires  spaced  2.1  cm  apart  and  the  same  trans- 
verse dimensions  (A  cm  x 4 cm)  as  the  17-wire  assembly  described  above. 
The  dimensions  of  the  ion— extraction  grid  for  this  device  are  4 cm  x 
9 cm,  and  the  grid  is  made  of  the  same  materials  as  is  the  17-wire 
assembly.  A Faraday  cup  ion  collector  is  located  less  than  1 cm 
beyond  the  ion-extraction  grid.  The  Faraday  cup  has  a 0.6-cia-diameter 
aperture  and  can  be  moved  along  the  9-cm  dimension  of  the  grid  aper- 
ture. The  Faraday  cup  was  biased  at  -25  V with  respect  to  the  ion- 
extraction  grid,  and  the  suppressor  grid  at  the  entrance  of  the  cup 
was  biased  at  -50  V relative  to  the  extraction  grid.  This  arra  igeme nt 
is  shown  schematically  in  Figure  5. 
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Figure  3.  Cathode  current  and  cathode  current  flux  plotted  versus 
total  anode  wire  current  at  a bean  voltage  of  110  kV 
and  a heliun  gas  pressure  of  20  jaTorr, 
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Figure  A. 

Anode  current  and  cathode  current  taken  at  a beam  volt- 
age of  110  kV  and  a heliun  gas  pressure  of  20  aTorr. 
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Figure  5. 

Thin-wire  discharge  test 
chamber. 


This  thin-wire  discharge  chamber  facilitated  studying  the  dis- 
charge mechanisms.  Wire  voltages  and  currents  were  monitored  as  the 
gas  pressure  was  varied.  Two  different  wire  driving  mechanisms  were 
used:  the  charged-capacitor  arrangement  described  above  and  a hard  tube 
Velonex  type  350  pulser  with  both  a 200  H and  a 30  H output  transformer, 
each  capable  of  1 to  10  ysec  pulse  lengths.  In  each  case,  the  spatial 
uniformity  of  the  ions  produced  in  the  discharge  and  e:<tracted  through 
the  grid  was  measured  with  the  Faraday  cup  collector. 

With  the  three  wires  driven  in  parallel  by  the  pulser,  current- 
voltage  (1-V)  data  was  taken  as  a function  of  gas  pressure.  Two  dif- 
ferent operating  regimes  for  the  discharge  were  obser\’ed.  These 
regimes  were  characterized  by  quite  different  observed  discharge  volt- 
ages for  identical  pressure  and  current  conditions.  At  wire  currents 
of  approximately  iO  A or  less  (=30  A total  anode  <-«irri-nl),  th«-  d i s»li.iri;e 
/oltaKe  was  higli  (=800  to  950  V,  depending  on  gas  pressure).  As  ilu- 
l-iilser  amplitude  control  vas  turned  up  and  tiie  current  increased,  liu- 
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discharge  would  first  run  in  the  sanse  mode  as  above  (i.e.,  discharge 
voltage  =800  to  900  V),  but  then  the  voltage  would  suddenly  drop  to 
=250  V or  less  with  the  current  reiaaining  the  same.  The  point  where  this 
discharge  voltage  collapsed  was  neither  predictable  nor  repeatable.  We 
believe  that  this  voltage  el  lapse  represents  a collapse  of  the  glow  dis- 
charge into  a filanentary  type  of  discharge.  No  change  in  the  spatial 
unifonaity  of  the  ion  current  collected  by  the  Faraday  cup  was  observed 
when  the  voltage  decreased.  Vfnen  operating  in  the  high-voltage  regime 

(lower  currents),  the  discharge  followed  the  1-V  and  pressure  (P)  charac- 

0 

teristics  of  a glow  discharge  fairly  well  (i.e.,  1/P“  was  approximately 
constant  for  a given  discharge  voltage).  This  is  discussed  in  Section  3. 

Spatially  resolved  measurements  of  the  ion  current  collected  by 
the  Faraday  cup  were  taken  at  various  currents  and  gas  pressures  and 
with  both  kinds  of  excitation.  The  results  did  not  differ  significantly 
by  case.  The  spatial  uniformity  of  the  ion  current  was  very  good,  -“SZ 
within  the  center  of  the  aperture  with  a smooth  fall  off  in  current 
density  at  positions  uithin  1 cm  of  the  walls  of  the  discharge  region. 
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SECTION  3 


THEORETICAL  STUDIES 

This  sfftion  discusses  the  development  of  a model  of  the  ion  plasma 
e-gun.  Tliree  facets  of  gun  behavior  were  studied: 

• The  steady-state  behavior  of  the  high-voltage  acceler- 
ating region 

• The  steady-state  behavior  of  the  low-voltage  wire 
discharge  ion  source 

• The  transient  behavior  of  the  gun. 

A.  MODEL  OF  THE  ACCELERATING  REGION 

The  accelerating  region  of  the  gun  is  the  gap  between  the  grounded 
ion-extraction  grid  and  the  cathode,  which  is  held  at  a negative  high 
voltage.  An  essentially  one-dimensional  flow  of  helium  ions,  neutrals, 
and  electrons  traverses  this  gap.  The  flow  of  these  species  is  con- 
trolled by  the  space-charge  field,  by  collisions,  and  by  secondary 
emission  at  the  catliode.  Because  the  flow  is  one  dimensional  and  the 
various  collision  cross  sections  and  secondary  emission  coefficients  are 
fairly  well  known  functions  of  energy,  the  accelerating  region  may  be 

analyzed  quantitatively  via  numerical  computations.  The  computer  program 

9 

used  for  the  analysis  is  similar  to  one  used  previously  by  McClure  for 
modeling  the  cathode  region  of  high-voltage  glow  discharges  in  deuterium. 
As  in  that  case,  our  model  assumes  that  the  electric  field  is  the  sole 
factor  affecting  the  energy  of  a particle  from  the  time  it  is  created 
until  it  is  destroyed  (i.e.,  changed  to  another  species).  This  is  justi- 
fied by  the  fact  that  the  energy  losses  suffered  by  both  ions  and  elec- 
trons from  ionizing  collisions  are  negligible  compared  to  the  energy 
gain  from  the  electric  field  in  one  ionization  mean-free  path.  Also, 
tlic  secondary  effects  produced  by  electrons  released  In  gaseous  collisions 
are  Ignored.  With  the  hlgli  cathode  full  potentials  to  be  considered,  the 
prohabll Ity  that  an  electron  released  anywhere  within  the  accelerating 
region  will  undergo  an  ionizing  collision  before  passing  through  the 
acceleration  region  is  only  a few  percent.  Hence  the  ion  production 
Introduced  by  secondary  electrons  produced  in  the  gas  is  .negligible. 
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The  model  predicts  fluxes  of  four  particle  species  as  a function 
of  position  in  the  accelerating  gap  for  specified  values  of  the  acceler- 
ating voltage,  gap  distance,  helium  pressure,  and  ion  current  at  the 
extraction  grid.  The  four  species  are  electrons,  singly  and  doubly 
charged  helium  ions,  and  fast  helium  atomic  neutrals.  Molecular 
species  have  negligible  concentrations  for  the  pressures  considered. 

The  collisional  processes  included  in  the  model  are  listed  in 
Table  1,  and  the  cross  sections  for  these  processes  are  presented  as  a 
function  of  energy  (in  the  energy  range  of  interest)  in  Figures  6 through 
13. 

The  particle  fluxes  and  space-charge  field  profile  across  the  gap 
are  computed  self-consistently.  A flow  chart  for  the  computer  program 
that  performs  this  calculation  is  presented  in  Figure  14.  Three  basic 
e.quatlons  were  used  in  the  computer  program.  The  first  is  Poisson's 
equation  (integral  form): 


E(x)  - E(o)  = Attc 


(2e) 


(1) 


where  E(x)  is  the  electric  field  at  a distance  x from  the  accelerating 

grid,  0^(c,x)  and  0'*^(e,x)  are  the  singly  and  doubly  charged  helium  ion 

fluxes  per  unit  energy  and  distance  interval,  and  E is  the  maximum 

max 

kinetic  energy  (=eV(x)  or  2 eV(x))  possible  for  ions  at  position  x.  The 
second  Is  the  continuity  equation  for  the  particle  fluxes: 


where  i = k,2,3,4  denotes  particles  He,  He  , He  , and  e , respectively; 
N is  the  ambient  helium  concentration;  is  the  total  cross  section 
for  converting  species  j to  species  1;  and  Is  the  net  destructive 
cross  section  for  species  1 on  the  ambient  gas.  The  third  is  the 
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Table  1.  Collisional  Processes  Included  in  the  Model 


Reactions  Considered 


Comments 


Fast  He  destruction 

He^  + He  -*•  He.  + He'*’, 
f f 

He^  + He  *■  He^  + He  + e 
Fast  He  destruction 


Figure  6 
Figure  7 


He^  + He  He^  + He 
He^  + He  He^  + He'' 
Fast  He  destruction 


Figure  8 
Figure  8 


He^  + He  -*■  He^  + He  + e 
He^  + He  -*•  He^  + He  + e + e 
Slow  He  production 


He^  + He  He"^  + He^  + e 

f s f 

He-  + He  He'*'  + He.  + e 

f s f 

e + He  He^  + e + e 

s 

WeV  + He  *»■  He'*'  + He'^  + e 
f s f 

Slow  He production 


He't  + He  **■  He'*^  + He^  + e + e 
f s f 

He.  + He  He'*^  + He.  + e + e 
f s f 

e + He  He"*"*^  + e + e + e 
s 

Het*"  + He  -*■  He'*'*'  + Het*'  + e + e 
f s f 

He*"  + e He^  + e + e 


Figure  9 
Figure  12 


Figure  10 
Neglect  (Ref.  16) 
Figure  11 
Figure  12 


Neglect  (Ref.  15) 
Neglect  (Ref.  17) 
Figure  13 

Neglect  (Refs.  16,  18) 
Neglect  (Refs.  19,  20) 
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Figure  8. 

Energy  dependence  for  the 
cross  section  for  reactions 


3 and  4.  He^  + He  -*■  He^ 
+ He‘*~*'  -+■  He^  + He'*’  from 
References  5,  16,  and  17. 


Figure  9. 

Energy  dependence  for 
the  cross  section  of 
reaction  5,  He^  + He 
He+  e from  References 
12  and  18. 
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Figure  10. 

Energy  dependence  for 
the  cross  section  of 
reaction  No.  7 He^  + He 
-+■  He^  + He£  + e taken 
from  References  12,  18, 
and  19. 
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l•'ignr^•  11.  lunl/.ntlon  etosh  section  of  helium  by  electrons  from 
KcTh.  20  nnd  21. 


21 


PROGRAM  EGUN2  ^ 


Figure  14,  Computer  program  flow  chart 
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cathode  secondary  emission  equation: 


c J 

4)^(x  = d)  = 1^  ^ yAc)  <?^(Cyd)  de  , 


where  d is  the  gap  distance,  and  the  Y^(C)  are  the  secondary  emission 
coefficients  for  electrons  due  to  species  i. 

There  are  two  basic  iterative  loops  in  the  computer  program  dis- 
played in  Figure  15.  One  iteration  procedure  is  performed  on  the  cathode 
electron  current.  First,  the  current  is  calculated  as  the  product  of 
the  secondary  emission  coefficient  (for  singly  charged  ions  at  tne  full 
cathode  potential)  and  the  input  value  of  the  wire  discharge  ion  current, 
Janode*  cathode  electron  current  is  recomputed  using  the  flux 

of  all  three  species  computed  by  the  program.  The  recomputed  value  is 
used  in  the  program  and  corrected  by  the  new  computed  particle  fluxes 
until  the  discrepancy  between  old  and  new  values  of  the  current  is  less 
than  1%. 


o REF1  He  ON  MO 
- 1 mTort  BACKFai. 

• REF  4 Oj*  ON  STAINLESS 
1-4  mT»T  BACKFILL 

. REF  6 Ht*  ON  GOLD 
PRESSURE  NOT  STATED  > 


/^CAS  COVERED 
METAL  SURFACES 


• REF  10  Ht^OSno 
O REF  8 ONC«i 
.%REF7  Ht*ONIVo 
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SURFACES 
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Figure  15.  Secondax'y  emission  coefficient. 
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An  interaction  calculation  is  also  performed  on  the  effective  ion 
current  entering  the  accelerating  region  and  on  the  corresponding  elec- 
tric field  in  the  gap  region.  If  the  wire  discharge  ion  current  is  small 
compared  with  the  space-charge-limited  ion  current  in  the  accelerating 

gap,  then  the  field  will  be  constant  throughout  the  gap  (e  = V /D),  and 

c 

the  input  wire  discharge  ion  current  densitv,  J . , is  used  in  Eos.  1 

anode 

and  2.  However,  if  the  ion  current  is  comparable  to  or  greater  than  the 
space  charge  limit,  then  the  field  at  the  extraction  grid  will  be  less 
than  V^/D,  becoming  negative  as  exceeds  the  space  charge  limit. 

This  means  that  a virtual  anode  exists  at  some  negligibly  small  distance 
into  the  accelerating  region  from  the  ion-extraction  grid.  In  the  pro- 
gram, Poisson's  equation  is  used  to  compute  the  electric  potential  at 
each  position  in  the  accelerating  region.  At  a potential  equal  to  the 
applied  voltage  on  the  accelerating  gap,  the  computed  distance  is  com- 
pared with  the  given  gap  distance,  D.  In  general,  the  computed  value 
of  distance  will  be  smaller  because  too  large  a value  for  the  field  at 
the  ion-extraction  grid  will  have  been  assumed.  This  boundary  value  for 
the  field  (i.e.,  potential  at  the  grid)  is  then  reduced  until  either  the 
computed  gap  distance  falls  within  1%  of  the  given  value  or  until  the 
boundary  value  for  the  field  at  the-grid  becomes  negative  (I.e.,  repels 
ions).  If  the  latter  case  occurs,  it  means  that  a portion  of  the  wire 
discharge  ion  current  is  being  returned  by  the  virtual  anode.  The  pro- 
gram then  sets  the  grid  boundary  value  for  the  field  equal  to  zero  and 
adjusts  the  ion  current  density  in  the  accelerating  region  downwards 
until  the  computed  gap  distance  falls  within  1%  of  the  given  value. 

The  value  of  the  ion  current  for  which  this  occurs  is  the  correct  space- 
charge-limited  ion  current  for  the  conditions  inputted. 

The  results  of  the  ion-plasma  e-gun  accelerating  region  predicted 
by  the  model  are  presented  in  Figures  16  through  18.  Figure  16  shows 
the  theoretical  e-beam  current  versus  wire  discharge  ion  current  at 
110  kV  and  20  mTorr  compared  with  experimental  measurements  as  presented 
in  Figure  3.  Agreement  between  the  model  und  the  observed  results  is 
good.  The  space-charge-limited  current  regime  is  clearly  shown  by  the 
I lu-iiri-i  ical  curve  .is  the  "satural i«'n''  of  the  c.itluule  curr>-ii;  vfiii. 
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Figure  16.  Cathode  current  versus  anode  current, 
theory  and  cxperiiaent. 
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Figure  17. 

Theoretical  calculations 
of  the  particle  flux  and 
the  potential  distribu- 
tions versus  position 
in  tV»'  arcoleratvng 
region. 
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increading  anode  current.  The  theoretical  results  also  reveal  that  there 
is  a 20%  increase  in  gun  current  over  what  would  occur  in  a vacuum  accel- 
erating region.  This  is  caused  by  the  added  secondary  emission  by  fast 
helium  neutrals,  which  are  generated  by  charge-transfer  collisions  within 
the  accelerating  region.^ 

The  effect  of  charge-transfer  collisions  is  shown  even  more  clearly 
in  the  computed  particle  flux  profiles  at  positions  within  the  accelerat- 
ing gap.  Figure  17  shows  that  the  flux  of  helium  neutrals  generated  by- 
charge  exchange  actually  becomes  comparable  to  that  of  the  singly- 
charged  ions  at  the  cathode  surface.  This  plot  also  shows  that  tiie  flux 
of  doubly  charged  ions  is  negligible. 
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Figure  IS.  Theoretical  cathode  current-pressure 
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Figures  18  and  19  present  the  variation  of  electron  current  with 
anode  current,  pressure,  and  bean  voltage.  Figure  18  shows  that  cur- 
rents below  the  space-charge  limit  are  equal  for  different  voltages. 
This  is  because  the  secondary  emission  coefficient  does  not  change 
appreciably  in  the  voltage  range  shown. 

B.  MODEL  OF  THE  WIRE  DISCHARGE 

The  wire  discharge  presents  some  difficulties  for  modeling,  pri- 
marily because  it  appears  to  be  necessary  to  include  at  least  two  and 
possibly  three  dimensions  in  the  characterization  cf  the  electron 
orbitals  about  the  wire.^^  The  development  of  a multidimensional  mcdel 
of  the  low-voltage  discharge  would  take  us  far  beyond  the  scope  of  the 
present  program. 


Figure  19.  Theoretical  l-v  characteristic. 


There  are  some  physical  justifications  for  a one-dimensional  model 
of  the  wire  discharge.  As  in  the  accelerating  region,  the  I-V  charac- 
teristic of  the  low-voltage  discharge  is  controlled  mainly  by  the  space 
charge  of  the  positive  ions.  Unlike  the  electrons,  the  ions  travel  along 
essentially  one-dimensional  radial  paths  to  the  cathode  walls  of  the  dis- 
charge (see  Figure  20).  Also,  a low  field  region  that  exists  near  the 
anode  wire  of  the  discharge  is  analogous  to  the  negative  glow  of  a conven- 
tional discharge  (which  contains  most  of  the  electron  spa*e  charge).  It 
is  reasonable  to  assume  ^hat  the  radial  extent  of  this  region,  like  the 
electron  orbitals  themselves,  will  be  comparable  to  the  radial  dimen- 
sion of  Che  discharge  because  of  the  large  electron  mean  free  path.  Since 
the  spacing  between  adjacent  wires  in  a plasma  anode  e-gun  is  also  com- 
parable to  the  radial  dimension  of  the  disciiarge  region,  there  will  likelv 
be  some  overlap  of  the  negative  glow  surrounding  each  wire.  In  this 
case,  the  ions  will  travel  along  rectilinear  one-dimensional  paths,  as  in 
the  case  of  plane  electrodes.  The  only  essential  difference  between  this 
case  and  the  cathode  fall  region  of  a conventional  plane  electrode  dis- 
«'harge  is  the  spiraling  orbits  of  the  electrons  around  the  anode  wires. 

Wo  assume  tl\at,  as  in  a plane  electrode  discharge,  the  electrons  do  not 
contribute  significantly  to  the  space  charge  in  the  cathode  fall  region 
but  only  ditonnire,  by  their  ionization  avalanche,  the  effective  location 
of  the  negative  glow  boundary.  in  p,irt irul.nr,  we  -»*ssiirai-  liiat  the  field 
increases  linearly  with  distance  from  the  "negative  glow  bi'undary"  to  the 
cathode  as  in  the  plane  electrode  case.^^  The  ionization  by  ilie  elec- 
tions can  then  be  simnly  cbi'ractetized  with  a hypothetical  ionization 
cross  section  large  enough  to  account  for  the  effective  trapping  of  the 
electrons  in  spiralling  paths  about  the  wires  (the  large  ionization  cross 
section  is  also  ’..sed  to  describe  hollow-cathode  discharges  in  a glow  dis- 
charge model).  This  w’ill  allow  Von  Engel's  model^^  of  the  cathode  fall 
to  ^0  applied  directly  to  t;>*  wire  discharge  with  the  only  change  being 
the  use  of  an  artificially  large  electron  coilisional  ionization  cross 
sec  lien  ^determined  f rem  c;*pf  iment) . 


Tly.*  nea:*  free  path  of  Che  ions  i»;  l he  wire  disrh;irgc  is  long  in 
comw.arison  wit'n  the  radia}  dimension  of  the  discharge.  Tims,  thev  will 
in  free  fall  from  the  n-galive  glow  i,»  the  » -i- hod*  . 
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Von  Engel's  model  of  the  discharge  gives  the  current  density  as 

. . 2 ^-l/2_-l  ^ '*'i 

l/P  = 2 » r ;r- 

(Pd)-  ^ ^ 


Pd  = Z --  In 

s/Pll  - A'e/Vc] 


s V '1  bV 
g P P c 


where  P is  che  pressure,  d is  the  effective  distance  to  the  negative  glow 
from  the  cathode,  is  the  cathode  fail  (discharge  voltage  in  our  case), 
s is  the  effective  ionization  rate  (taking  trapping  into  account),  and 


the  constants  't.,  G,  Ve,  fg,  and  s are  constants  that  depend  pri- 

1 p p 

marily  upon  the  kind  of  gas  and  are  independent  (as  a first  approxi- 
mation) of  voltage  and  pressure.  The  pr«)duce  Pd  given  by  Eq.  3,  is  usually 
assumed  to  be  dependent  only  on  V and  independent  of  P;  since  s has  a 
first-order  linear  dependence  on  p so  s/P  is  independent  of  P. 
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j/p^  = CONSTANT  AT  CONSTANT  V. 
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Von  Engel's  model  adequately  describes  the  qualitative  behavior  of 
the  wire  discharge  and  may  be  made  quantitative  by  normalizing  to  one 
experimental  data  point  to  fix  the  value  of  s.  Even  before  such  normal!- 
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zation,  the  model  predicts  the  similarity  principle  of  a constant  J/P~ 
for  a constant  voltage  for  a uniform  glow  mode  of  operation  (even  though 
the  ions  are  in  tree  fall).  This  kind  of  scaling  is  observed  at  wire 
currents  ^J.0  A,  but  at  higher  currents  the  discharge  sometimes  collapses 
into  filaments. 
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The  primary  objective  of  the  theoretical  study  of  the  gun’s  transient 
behavior  is  to  arrive  at  an  explanation  and  a method  of  controlling  the 
relatively  long  fall  time  observed  for  the  beam  current  when  the  ion  cur- 
rent turns  off  in  a much  shorter  tine  (see  Figure  4). 

A qualitative  understanding  of  the  physics  is  all  that  is  required 
in  this  case,  and  the  solution  can  be  realized  with  the  aid  of  Figure  21. 
The  figure  depicts  the  space  charge  and  potential  profile  in  the  wire  dis- 
charge steady-state  operation  and  immediately  after  the  wire  anode 
external  power  supply  circuit  is  opened,  Ouring  Jteaay-stats  operation, 
sone  of  the  posi».ive  ions  are  in  free  fall  between  the  field-free  nega- 
tive glow  region  and  the  accelerating  grid,  and  thus  traverse  this 
region  with  an  average  velocity 
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''•'10  cm/sec 


ie.i'ying  a transit  time  of  'VO.2  ycec.  When  the  voltage  is  turned  off, 
those  ions  vith  these  velocities  leave  the  discharge  region  and  enter 
the  acceleration  region  on  this  time  scale.  The  rapid  drop  in  cathode 
current  just  after  voltage  turn  off  is  due  to  these  fast  ions. 

The  siov  f-:=i  time  phase  can  be  understood  w^ith  reference  to 
Figure  21,  which  depicts  the  low-energy  ions  and  electrons  that  were  in 

the  field-free  negative  glow  region  when  the  disrliarg*-  r:r<-i:i{  o|>«ut-.i. 
rinse  ;onj  will  enter  the  accelerating  region  under  the  tnihu-n.  e 4.1  ..n 
nabipolar  field.  if  the  transmission  of  the  acceler.it  ing  grid  were  100/-, 
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all  electrons  would  be  turned  back  by  the  accelerating  field,  the 
effective  anbipolar  field  would  be  zero,  and  the  ion’s  effective  thermal 
drift  would  be  given  by  the  ion  temperature,  Tg  (near  room  temperature). 
Because  the  walls  of  the  wire  discharge  are  grounded,  the  electrons  can 
quickly  dissipate  the  excess  space  charge  flowing  to  ground.  In  the 
ocher  extreme,  if  the  transparency  were  zero,  all  electrons  could 
escape  by  colliding  with  the  "screen"  and  an  ambipolar  field  would  be 
present  to  retard  Che  flow  of  electrons,  giving  rise  to  an  ion  temper- 
ature close  to  the  electron  temperature  (*^5  eV).  The  80%  transparent 
grid  used  will  result  in  an  effective  ion  temperature  intermediate 
between  these  two  extremes,  but  closer  to  room  temperature  than  to  the 
clef-tron  temperature.  An  order  of  magnitude  estimate  gives  an  effec- 
tive transient  time  for  tlie  low-energy  ions  of  ''■'10  usee,  which  is  con- 
sistent with  observation. 

The  long  fail  time  of  the  beam  current  can  be  eliminated  by  elimi- 
nating the  escape  of  low-energy  ions  from  the  wire  discharge  region. 
This  can  be  accomplished  in  two  ways.  An  auxiliary  grid  biased  posi- 
tive bv  onlv  a few  volts  could  be  used  on  the  lov'— voltage  side  of  the 
accelerating  grid  to  repel  the  ions.  Alternatively,  the  wire  discharge 
confining  walls  could  be  floated  off  ground,  in  which  case  the  electron 
space  charge  would  prevent  the  escape  of  ions. 


SECTION  4 


SUJ®L4RY 

Experiments  were  run  and  a comprehensive  theoretical  model  developed 
that  enabled  the  ion  plasma  e-gun  to  be  more  completely  characterized. 

The  experiments  provided  important  high  current  data  on  the  operation  of 
the  gun  and  of  the  thin-wire  discharges.  The  theoretical  model  included 
consideration  of  15  different  reactions  between  helium  atoms  and  ions  and 
electrons  and  calculated  the  particle  fluxes  and  the  electric  potential 
as  a function  of  position  in  the  high-voltage  region.  These  calculated 
quantities  accurately  described  the  behavior  of  the  gun  at  a beam  volt- 
age of  lie  kV  and  enable  projecting  the  operation  of  the  e-gun  at  higher 
voltages  (such  as  400  keV)  where  the  gun  will  be  useful  for  pumping  excimer 
lasers.  A qualitative  understanding  was  obtained  of  the  transient  behav- 
ior of  both  the  e-gun  and  of  the  scaling  properties  of  ti^^;  thin-wire 
discharges. 

The  predicted  scaled-up  operation  of  the  ion  plasma  e-gun  for  a 4-cm 
accelerating  gap  is  shown  in  Figures  18  and  19.  The  high-voltage  con- 
straint at  low  pressure  for  the  gun  with  this  gap  is  vacuum  breakdown 
between  the  electrodes.  Data  from  different  published  reports  on  vacuum 
breakdown  between  planar  and/or  curved  electrodes  at  field  strengths 
near  100  kV/cm  shows  a great  deal  of  variation.  These  results  generally 
vary  because  of  differences  in  the  preparation  of  the  electrode  surfaces 
and  the  details  of  the  vacuum  pumping  apparatus.  Arc-free  field  strengths 
of  130  kV/cm  were  observed  when  there  was  careful  attention  to  the  details 
of  preparing  surfaces,  etc.,  and  field  values  of  90  kV/cm  may  be  routinely 
obtained  without  breakdown.  As  a result,  the  operation  of  a 400-kV  ^un 
with  a 4-cra  gap  seems  technologically  feasible.  With  these  gun  param- 
eters,  an  electron  current  density  of  9 A/cm'^  at  a pressure  of  20  mTorr 
of  helium  can  be  predicted  (see  Figure  18).  At  a higher  gas  pressure, 
sav  near  40  mTorr,  the  electron  current  density  would  be  increased  by 

7 

=33%,  implying  12  A/cm'  at  400  kV  with  a 4-cm  gap.  With  higher  gas  pres- 
sure, the  high-voltage  constraint  is  Paschen  breakdown.  Based  on  our 
previous  results,  the  Paschen  breakdown  voltage  at  40  mTorr  and  a 4-om 
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gap  is  >480  kV.  For  a practical  gun,  outgassing  of  contaminants  with  a 
lower  Paschen  breakdown  voltage  would  necessitate  careful  design  of  the 
gun  to  ensure  maximum  cleanliness  and  vacuum  integrity.  The  use  of  flow- 
ing helium  gas  in  the  gun  to  maintain  the  proper  pressure  and  to  sweep 
out  contaminants  would  be  desirable.  In  conclusion,  with  proper  atten- 
tion to  the  technological  details  mentioned  above,  the  operation  of  the 

, ■> 

ion  plasma  e-gun  to  obtain  a 400  keV,  10  A/cm  (electron  current)  beam 
seems  feasible. 

Hire  discharge  studies  indicate  that  the  best  results  are  obtained 

when  (1)  the  wires  are  driven  by  a matched  driving  circuit  such  as  a 

pulser-transfonaer  combination,  and  (2)  the  thin-wire  current  is  kept 

below  10  A.  Kith  the  observed  ion  current  densities  on  the  present  gun, 

this  would  require  one  vxre  every  1.2  to  1.5  cm  along  the  long  dimension 

of  the  gun.  This  wire  spacing  is  quite  practical. 

In  conclusion,  we  believe  that  the  ion-plasma  e-gun  would  be  very 

useful  for  pumping  repetitively  pulsed  e-beam  and  e-beam-sustaincd  laser 

systems  requiring  a high-voltage  (up  to  400  kV),  high-current-density  beam 
2 

(up  to  10  A/cra~).  The  gun  has  four  compelling  advantages: 

• Honoenergetic  e-beam:  less  foil  heating,  more  uniform 
energy  deposition  in  the  laser  gas. 

• hong  pulsewidth:  1 ysec  to  dc,  larger  average  power 
for  a given  pulse-repetition  frequency. 

• Gun  control  with  electronics  at  ground  potential: 
no  floating  supplies,  high  voltage  is  not  switched. 

• Scalable. 

A continuing  program  of  development  of  the  ion-plasma  e-gun  to 
demonstrate  high-voltage  operation  and  the  pumping  of  a repetitively 
pulsed  rare-gas  monohalide  excimer  laser  should  be  pursued. 
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